The PDF file includes: Fig. S1 . Computed dynamics for the electron-induced reaction of CF 3 , obtained from the I2S model. Fig. S2 . Distance dependence of the energy in the recoiling CF 2 . Fig. S3 . Identification of molecular species on the surface. Fig. S4 . CF 2 + I collision at 1.80 Å impact parameter, giving only momentum transfer from the projectile to the target. Fig. S5 . Nonreactive outcome of a zero-impact parameter CF 2 + CF 2 collision, resulting in only momentum transfer from the projectile to the target. Fig. S6 . Trajectory for direct association reaction superimposed on a restricted cut through the ground potential energy surface. Fig. S7 . Trajectory for indirect association reaction superimposed on a restricted cut through the ground potential energy surface. Fig. S8 . Evidence for electron-induced reaction. Legends for movies S1 to S3
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Other Supplementary Material for this manuscript includes the following:
(available at advances.sciencemag.org/cgi/content/full/4/10/eaau2821/DC1) Movie S1 (.mp4 format). Computed dynamics for the electron-induced reaction of CF 3 , obtained from the I2S model. Movie S2 (.mp4 format). Computed dynamics for direct reaction. Movie S3 (.mp4 format). Computed dynamics for indirect reaction.
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Mechanism of electron-induced reaction The electron-induced dissociation of CF 3 exhibited an onset threshold-energy of ~0.9 eV. This threshold is in satisfactory agreement with the results of a density-of-states calculation of chemisorbed CF 3 (see fig. S8A ) which shows a CF 3 -Cu hybrid state at 1.3 eV with an onset at ~0.7 eV. The charge density in this hybrid state exhibited anti-bonding character in the C-F bond, consistent with the observed C-F bond-breaking. The electron-induced dissociation of CF 3 was found to be a single electron process as evidenced by the linear relationship between the reaction rate and the tunneling current (see fig. S8B ). Hence the CF 3 dissociation can be understood to proceed via electronic excitation by a single electron, modeled here using the Impulsive Two-State model (see Methods). fig. S1 and movie S1.
Fig. S3
. Identification of molecular species on the surface. STM images (EXPT), STM simulations (TH) and molecular models (PIC) are given for a chemisorbed (A) trifluoromethyl (CF 3 ), (B) difluorocarbene (CF 2 ), (C) fluorine atom, and (D) tetrafluoroethylene (C 2 F 4 ). The imaged CF 3 was 0.07 ± 0.04 nm in height, the CF 2 was 0.23 ± 0.04 nm in depth, the F-atom was 0.36 ± 0.04 nm in depth and the C 2 F 4 was 0.29 ± 0.04 nm in height. The dotted red-line in Panel 2 indicates attraction at the inception of C-C bond formation, evidenced by the negative slope of the potential towards the C 2 F 4 product potential well in the transition state at 265 fs. The dynamics in Direct Association shows a stepwise process in which (i) the rotation of the projectile towards the target is followed by (ii) the rotation of the target towards the projectile, thereby forming a C-C bond. Movie S1. Computed dynamics for the electron-induced reaction of CF 3 , obtained from the I2S model. The trajectory was obtained by placing an electron in the F-atom of the C-F bond directed along the Cu-row for a t* = 13 fs. The frame rate for movie playback is 24 fps where each frame has 3 fs duration.
Movie S2. Computed dynamics for direct reaction. The trajectory was obtained by placing a stationary CF 2 target in the path of the recoiling CF 2 projectile from movie S1 at 179 fs. The target was placed 3.5 unit cells (8.93 Å) away from the CF 3 (i.e. away from the parent molecule of the CF 2 projectile). The frame rate for movie playback is 24 fps where each frame has 3 fs duration. [The phantom bonds at the 15-second to 19-second marks were caused by the molecule crossing the boundary of a periodic supercell.] Movie S3. Computed dynamics for indirect reaction. The trajectory was obtained by placing a stationary CF 2 target in the path of the recoiling CF 2 projectile from movie S1 at 179 fs. The target was placed 4.5 unit cells (11.47 Å) away from the CF 3 (the parent molecule of the CF 2 projectile). The frame rate for movie playback is 24 fps where each frame has 3 fs duration.
